Abstract
Introduction
In recent years we have witnessed the rapid development and spread of IT equipment such as portable telephones, notebook PCs, and PDAs. For further miniaturization of such equipment or longer life, high expectations are mounting on batteries, the power source. One battery that can answer these demands is the lithium ion secondary battery.
The lithium ion secondary battery uses oxides such as lithium cobalt oxide, lithium nickel oxide, and lithium manganese oxide spinel for its positive electrode and uses carbon such as graphite for the negative electrode. The charging reaction is topochemical, with lithium ion moving between the two electrodes. Therefore, its cyclical property is good and energy density is high. Due to these strengths, the lithium ion battery is attracting attention, in the effort to make batteries smaller, lighter and greater in capacity.
The development and production of the lithium ion battery have only a recent history and therefore the manufacturing process has many latent problems. One major problem is the manufacturing process of the plate. The positive electrode is made of powdered raw material including active material and conductive agent. The fundamental problem lies in the fact that they are handled in paste form. Above all, the problem is that a method has yet to be fully established for the evaluation of the dispersion of plate material in wet form.
Focusing on the plate manufacturing process of the lithium ion secondary battery, this research was conducted for the purpose of establishing an evaluation method of the dispersion of anode material in paste form. First, we conducted mixing and kneading to make the paste, varying the mixing time and adding method of the thickener. Next, we applied the prepared paste and investigated the volume resistivity rate, glossiness and film thickness, attempting to evaluate dispersion. Then, in order to examine the evaluation of dispersion in paste form, the previous stage to film formation, we measured electric conductivity and particle size distribution. We report that as the result of our investigation, we discovered evaluation methods that are suitable for film and paste. Table 1 shows the powdered raw materials for the positive electrode materials that we used in the experiment and their mix proportion. As powdered raw materials for the lithium ion secondary battery, we used lithium cobalt oxide (active material) and carbon ( conductant agent).
In order to make a good application of the plate material in paste form onto the aluminum foil, some degree of viscosity is required. Therefore, a thickener needs to be added. We used a 1 wt"/o water solution of carboxymethyl cellulose (CMC). In the final process of preparing the paste, in order to prevent the filmed surface of aluminum foil from bending or cracking due to folding, a binder, (polytetrafluoroethylene) was added. 
Equipment and Method
In order to evaluate the dispersion of particles for the positive electrode, the mixing and filming of the paste were conducted as follows:
Our procedure roughly broke down into four processes:
(1) Kneading and Dispersion Process: the electrode materials were dry mixed, then thickener and binder were added to make the paste: (2) Coating Process: coating was carried out in order to evaluate the mixing and dispersion of electrode materials in the paste by examining the condition of the film; (3) Heating Process: the electrode was heated in order to increase film strength; (4) Molding Process: the film was molded in order to standardize the evaluation. Below, we briefly describe each process.
(1) Kneading and Dispersion Process
As equipment, we used the planetary mixer 1 l as shown in Fig. 1 In order to evaluate the dispersion of paste produced by means of the planetary mixer, the paste was applied onto aluminum foil using an applicator. Fig. 2 gives a sketch diagram of the applicator used. Filming is carried out by placing the paste into the central portion of the applicator and by pulling the applicator. The aluminum foil thus becomes coated with a uniform thickness of paste. The clearance here is 3 a= 300 J.lm. Application speed was approximately 0.038m/s. (3) Heating Process
The heating process was carried out in order to improve the adhesion between the plate material and aluminum foil. The coated film, after air-drying for more than six hours at room temperature, was heated for two hours by changing the temperature variously inside a rack dryer. (4) Molding Process
As the evaluation is focused on the film, we molded the heated film into samples of 50 mm x 80 mm dimension. Six samples were molded for each experimental condition. 
Evaluation Method
Diverse methods have been suggested as means of evaluating the mixing and dispersion of functionality composite material. What we need to do, however, is to devise an evaluation method that focuses on the properties of the material used and its function as a product. Here, we report on the evaluation of kneading and dispersion focusing on film, which demonstrates the properties of the battery, and the evaluation of dispersion of positive electrode particles in the paste.
Electrical Resistivity
It is extremely difficult to evaluate the dispersion of electrode particles in paste form. If the electrode particles are evenly dispersed in paste form, it is believed that they will still be evenly dispersed on the film surface after coating and drying. Therefore, we decided to evaluate the dispersion of electrode particles by measuring the electrical resistivity of the film.
In measuring electrical resistivity, we used an ordinary shop-purchased resistor. This resistor measured resistance using a 4-depth probe.
Measurement was taken of the six film samples (1 sample piece was a 50 mm x 80 mm sheet) produced by coating aluminum foil. Each sample was divided into a 3 x 3 grid and resistance was measured at a total of nine points (Fig. 3 ). This method is based on ]IS K 7194. The average volume resistivity rate and the coefficient of variance were calculated in an attempt to evaluate the dispersion of electrode particles in the film.
Here, if the volume resistivity rate is low and its coefficient of variance is also small, it means that the dispersion of electrode particles is good and that the 256 quality does not show much variation.
Glossiness
If the powder material is highly dispersed in the paste, it has been pointed out that the film surface after application is smooth 2 l. Therefore, by measuring the glossiness of the film surface, we quantified the convexity and concavity of the surface in order to evaluate dispersion.
In measuring glossiness, a glossmeter was employed. This glossmeter allows a choice of the best angle of incidence from three options (20°, 60°, 85 o). The subject of instrumentation in this research reflects little light and therefore, we selected 85° as the angle of incidence in measuring glossiness.
The measuring of glossiness was conducted at 54 points on the six samples of film piece measuring 50 mm x 80 mm as was the case in the measuring of resistivity, with each sample being divided equally into 3 x 3 grids (Fig. 4) . The average value of glossiness was calculated in an attempt to evaluate the dispersion in the paste. If the glossiness shows a high value, it demonstrates that the electrodue particles are evenly scattered. 
Film Thickness
The film thickness is an important criterion in determining whether a film of even thickness has been produced but it is also required in converting volume resistivity rate and in calculating film density.
In measuring film thickness, a standard outside micrometer was used. For each sample, measurement was taken at 18 places from the areas shown in Fig. 4 and their average values were used in evaluation.
Measurement of Particle Size Distribution
and of Viscosity In evaluating the dispersion of solid-liquid particulates, it is extremely important to measure the particle size in the liquid of dispersion and the viscosity of the liquid. In this research, laser diffraction scattering particle calibrator was used in order to measure the particle size of the powder particle mixed and dispersed in a high viscosity liquid. Viscosity was measured using a coaxial cylinder viscometer.
Results and Observations

Evaluation of Dispersion in Electrode
Materials in the Film The main factors that would influence kneading and dispersion may be the mixing time, the rotational speed of the mixer and the processing volume. In this research, we focused on the mixing time. We decided to set the mixer at 5 rps in rotation and 1.6 rps in revolution, in order to investigate the relationship between the dispersion of electrode materials and mixing time.
Meanwhile, in order to create a paste that will allow good film formation, thickener has to be added. The viscosity of the paste has been known empirically to differ between the two methods of 1) kneading and dispersing by lump addition of thickener, and 2) preparing the paste by dividing the thickener into two equal parts and adding them in two stages, from stiff paste mixing to dilution dispersion. In other words, it is conjectured that a differentiation in dispersion occurs depending on the method of thickener addition. Thus, we decided to evaluate the dispersion of electrode particles in the film by varying the method of thickener addition. Our research will report results by focusing on paste temperature at the time of film manipulation.
Relationship between Volume Resistivity
Rate and Mixing Time We created a paste by kneading and dispersion using electrode particles and turned the paste into film. We investigated the relationship between the volume resistivity rate Pv of the film plus its coefficient of variance C, and the mixing time t. The findings are given in Fig. 5 . The mixing ratio of lithium cobalt oxide (LiCo0 2 ) and carbon was 100:4 based on mass. From Fig. 5 , one can see that the volume resisitivity and coefficient of variance are both small when the mixing time t is roughly 1,800 sec. From this result, we can conclude that good dispersion of elec- Pv. and the coefficient of Variance Cv· 1,800 sec or thereabouts. In other words, we discovered that we could evaluate the dispersion of electrode particles by measuring volume resistivity rate Pv·
Relationship between the Method of
Thickener Addition and Glossiness, Particle Size, and Film Thickness To add the thickener, we adopted the lump addition method and the (two-stage) division addition method, and we decided to evaluate kneading and dispersion of the film made from the paste prepared in these ways.
To evaluate the film surface, we measured glossiness Gs. The findings are shown in Fig. 6 . This figure also gives the paste particle size measured by the laser diffraction/ scattering method. Fig. 6 clearly demonstrates that glossiness is greater when the division method is employed. In other words, if the thickener is added in two stages, we can form a film whose positive electrode particles are well dispersed. The table contained in Fig. 6 indicates that in the division addition method, the paste particle size is small. The reason why these results are obtained is interpreted to mean that the divided addition of the thickener makes the wettability of the electrode particle and thickener better, leading to good dispersion. From the above results, we discovered that glossiness can be used to evaluate dispersion of the positive electrode particles. Moreover, we can say that measuring particle distribution is an aid to evaluating dispersion. Fig. 7 shows the result of our investigation into the relationship between film thickness o and application temperature Tp, using the addition method of thickener as parameter. Film thickness in the lump addition method is determined by the temperature of application condition, with thin film being formed under low temperature conditions. By contrast, the o of the division method is virtually constant (o = 0.17x 10-3 m) even if the film temperature was changed.
What is more, it was confirmed that o was smaller compared to the lump addition method. This is to say, we discovered that we can design a thin plate in a condition that is not easily influenced by the filming temperature, if we use the division addition method. In order to investigate why results such as those shown in Fig. 7 are obtained, we measured the viscosity of the paste. Fig. 8 shows the measurements taken. In this figure, the reason why the results ob- tained in the lump method are not plotted is because the values were greater than the measurement tolerance of the viscometer (1] = 2.0 Pa · s or more), making instrumentation impossible. Thus, we found that the paste created using the lump addition method was of higher viscosity than the paste created using the division addition method. Fig. 9 shows the relationship between the volume resistivity rate pv of the film and its coefficient of variance C,, and the application temperature TP' We found that both volume resistivity rate and coefficient of variance are small values when the division addition method was used. This was the same even if the temperature changed while filming. That is, in the division addition method, a film superior in electroconductivity is formed, with good reproducibility. These results and findings indicate that by divided addition of thickener, we can produce a film (plate) for the lithium ion secondary battery, which is thin and has a high dispersion of plate particles with excellent volume resistivity rate.
Relationship between Volume Resistivity
Rate and Glossiness and Film Density Fig. 10 shows the relationship between volume resistivity rate of the film Pv and film density cr. The constituents and quantity of mix are the same in this figure. Fig. 10 indicates the discovery that when film density is high, volume resistivity rate is low and electroconductivity is good. High film density means that the particles of the positive electrode are in close contact, creating high-density filling. We construed that if high-density filling occurs particle contact number becomes large, which becomes reflected in volume resistivity rate. In other words, good volume resistivity rate is obtained under high film density conditions. It is known that in order to form a film with high density, we can prolong the mixing time, for example. a u s 
Relation of Film Density cr with Volume Resistivity Rate Pv· Fig. 11 shows the relationship between film density cr and glossiness Gs. We see that in a condition under which film density is high, glossiness has a high value, indicating a good dispersion of electrode particles. This result indicates that in a film where the aggregate is small and the surface is smooth, film density shows a high value. 
Investigation of the Evaluation Method of
Dispersion in Paste In evaluating the dispersion of positive electrode particles in the lithium ion secondary battery, one can make evaluations either by focusing on the paste form or the film form. The evaluation that is directly related to battery performance is that which focuses on the film, as described in the previous section. However, in the paste form, which is equivalent to the preliminary process in a production line, if we can already make evaluation of the state of dispersion in the film, the equivalent to the after-process, not only cost reduction through early detection of defective products can be made but also the actual production can be put on an assembly line.
As evaluation methods of dispersion of low-viscosity suspension and emulsion, viscosity distribution, sedimentation method, and zeta potential measurement are being considered. However, there is not yet any adequate evaluation method that can be applied to the kneading and dispersion of solid-liquid system of high viscosity /highly viscose state, which is the subject of this paper. This is why, in order to find an evaluation method, we decided to look at electric conductivity, in view of the electrical properties of the battery material.
To evaluate dispersion in the paste, the levels Ia of lithium cobalt oxide (LiCo0 2 ) and of carbon only were varied in the kneading and dispersion. Electric conductivity L was measured and the results are given in Fig. 12 . To facilitate comparison and study, data on the x-axis is organized using mass ratio based on thickener. We can see from electrode active material) on its own, and of the mixture (lithium cobalt oxide carbon), show a good match. Moreover, electric conductivity changes in proportion to the amount of plate particles (density). In short, it suggests that the dispersion of plate particles in the paste state can be evaluated using electric conductivity. Now, we conducted a flame reaction test of the supernatant liquid of the paste. Red flames resulted. From this, we can say that the electric conductivity finds lithium ion rather than carbon network, and furthermore that it is more strongly dependent on lithium cobalt oxide levels than on carbon levels. Fig. 13 is a conceptual representation of the relationship between the electrode particle dispersion and film materials as discovered in the above findings and investigation. If the paste becomes particulates, dispersion is good, therefore, even with a thin film thickness, high density filled film can be produced. Moreover, glossiness is high, meaning that a film that is not highly convex or concave is formed. A highdensity filled film is good in electric conductivity.
Conclusion
(1) This paper has shown that dispersion of electrode particles in a lithium ion secondary battery can be quantitatively evaluated by measuring the film's volume resistivity rate, glossiness, film thickness and film density and by organically examining the instrumentation values. (2) If thickener is added using the division addition method, we discovered that we can produce a film (plate) that is thin and good in volume resistivity rate due to highly dispersed electrode particles. Also, we pointed out that by investigating the relationship between volume resistivity rate and mixing time, the finish time of the dispersion operation can be determined. (3) We suggested that by measuring the particle distribution and electric conductivity of the paste, the dispersion of electrode particles in the paste state could be evaluated.
